We propose a Boundary Conformal Field Theory description of hole states in the c = 1 matrix model. [1] showed that unstable branes play a crucial role in the understanding of the duality between c = 1 matrix model and 2-d string theory (for reviews see e.g. [2, 3] ). They suggested that the matrix should be directly identified with the open string tachyon field living on a large number of unstable branes of the 2-d string theory. This proposal was made very precise in [4] (see also [5, 6, 7] ) where it was shown that Sen's rolling tachyon BCFT [8] (tensored with the unstable Liouville brane of [9] ) is dual to a single matrix model eigenvalue excited above the Fermi surface. These encouraging results raise the question [10] : is there a class of (time dependent) BCFTs which describes the holes in the c = 1 matrix model?
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If the duality between the c = 1 matrix model and 2-d string is correct the answer must be in the affirmative: holes are excitations with positive energy that should have a dual description in the 2-d string theory. Worries about the non-perturbative definition of the theory (related to eigenvalues tunnelling to the unfilled side of the potential) should be even less relevant for the holes, which are below the Fermi surface. We should expect to find a family of exact BCFTs giving a classical description of the possible trajectories of the hole [10] .
The aim of this short note is to answer this question. Our starting point is Sen's exactly marginal boundary deformation that describes the creation and decay of an unstable brane [8] , λ dt cosh(t) .
The boundary state associated with this deformation is characterized by a time dependent function f (t) = 1 1 + e t sin(πλ)
The space-time interpretation is that of incoming closed strings focusing to form a D-brane at a time t ∼ −τ , which then decays back into closed strings at t ∼ +τ , with
The energy of this solution is
where T p is the D-brane tension, which in the context of the matrix model is identified with the cosmological constant µ. Note that for λ = 1 2 both the energy and lifetime vanish. This special point, that was studied in some detail in [11, 12, 13] in the critical string case, corresponds in the matrix model to an excitation right at the Fermi surface. So this seems like the natural starting point. Going above the Fermi surface (i.e., creating an eigenvalue that goes up the potential and then rolls down) corresponds to
The sign of β does not affect any physical quantity. Indeed the full boundary state is defined by analytic functions of (λ − Note that the time delay, 2τ , between the incoming and outgoing closed string radiation is positive. In the context of the matrix model the value of τ is in precise agreement with the time delay of a classical trajectory of energy (4) with respect to the trajectory at the Fermi level [4] .
If the deformation (5) corresponds to going above the Fermi surface, then by continuity one might suspect that the deformation corresponding to going below the Fermi surface
This may at first look like an implausible attempt since this is a complex deformation of the worldsheet action. However, as remarked above, the boundary state is a function of (λ − 1 2 ) 2 , and is thus real.
For example, f (t), that fixes the closed string "tachyon" in the 2-d case and many of the closed strings fields in the critical string case, is real,
The time delay and energy are
Note that both are negative. We would like to argue that this is precisely as it should be. We claim that the boundary state with deformation (6) corresponds to the classical trajectory of an eigenvalue below the Fermi surface. This explains the negative value of the energy. The negative value of τ is also in agreement with the matrix model since now there is a time delay between a classical trajectory at the Fermi surface and the classical trajectory below the Fermi surface. Indeed one can easily generalize the results of [4] to find a precise agreement between the matrix model time delay and (8).
In the quantum description, we must associate with this negative energy solution a destructor operator. The hole state will then have positive energy and it will couple to the closed string fields with minus the couplings computed from the deformation (6). We are now in the position to state precisely our conjecture. The boundary state associated with a hole in the c = 1 matrix model is obtained by tensoring the (1, 1) Liouville brane of [9] with minus the "boundary state" associated with the boundary deformation (6).
As an immediate test of this proposal, let us compute the outgoing closed string tachyon radiation associated with our candidate hole state. If we did not include an extra minus sign in front of the boundary state, the outgoing radiation associated with the deformation (6) would take the form [4] 
This works just fine to describe the creation of an eigenvalue [4] since bosonization implies that the fermion creation operator is
Now for λ = 1 2
+ iα the time delay τ is negative but this does not change the sign in the exponent (as can be seen from (9)), so the BCFT (6) is still describing the creation of an eigenvalue rather then the creation of a hole. The negative time delay τ tells us that this eigenvalue is below the Fermi surface. Multiplying the boundary state by an overall minus sign flips the sign of A(p), and gives precisely the bosonization formula for a hole, ψ =: exp(−iφ) :.
An immediate extension of this result is to consider the (± 1 2 + iα) cosh deformation in superstring theory. Using the formulae in [8, 11] it is easy to check that the boundary state is again real, including the RR couplings. The interpretation is that minus this boundary state describes holes in theĉ = 1 matrix model [16, 17] .
While the motivation to consider the boundary deformation (6) came from the duality between the matrix model and 2-d string theory, it is very tempting to consider it in the context of critical string theory. Since as α → ∞ the energy diverges, by taking large α while keeping g s small but finite the system will collapse to form a Schwarzschild black hole. So this deformation might teach us something new about the relation between strings, branes and black holes. It is interesting to note that, much like in the black hole case, the lifetime associated with our deformation grows with the energy. However, it grows only logarithmically with the energy. Of course this is just the classical open string result, which is valid at g s = 0 and hence it is not aware of any black hole physics. It should be interesting to see whether loop effects will increase that lifetime in such a way that an agreement will be found at the transition point of [18] .
We would like to end with an amusing observation about the supersymmetric case. In this case f (t) takes a slightly different form [8] ,
Notice that now besides λ = ± 1 2
+ iα there are two other complex boundary deformations that yield a real f (t), iα cosh(t) and iα sinh(t) , α ∈ R .
These deformation have an interesting physical meaning. Let us focus for example on the first. In this case we get
Unlike the deformation (6) , that gave a smooth boundary state, now we find that f (t) is singular at t = ±t 0 , with t 0 = log(sinh 2 (πα)). Consider |α| ≪ 1. For |t| > |t 0 | we see that f (t) goes to zero while for |t| < t 0 it goes to one. Since f = 0 corresponds to the vacuum and f = 1 corresponds to the creation of the unstable brane, this deformation describes exactly the configuration considered in [19] . Namely we have an unstable D0-brane (in, say, 10-d IIB) whose worldline starts on one-half D-instanton, located at the singular point t = −t 0 , and ends on an anti one-half D-instanton located at t = +t 0 . By considering the RR-fields one can verify that the second deformation in (12) corresponds to an unstable D0-brane that starts on one-half D-instanton and ends on another one-half D-instanton. It should be interesting to see if this realization could shed new light on the somewhat mysterious physics of merons in gauge theories [20] .
Note Added: The main observation of the present paper is also made in [17] that has just appeared on the archive.
